We report on the fast carrier-induced wavelength switching in V-cavity laser using butt-joint passive tuning section. Using the carrier plasma based tuning effect in combination with temperature induced gain spectrum shift, over 25-nm wavelength tuning with 100 GHz channel spacing is obtained with side-mode suppression ratio up to 40 dB. Sixteen channels can be switched by using a single electrode control on the long cavity electrode and seven channels on the short cavity electrode. Mode competition is observed during the transient and the switching delay time varies from 1 to 11 ns for different switching paths.
Introduction
The wavelength division multiplexing passive optical networks (WDM-PONs) is a promising way to greatly increase the capacity of optical access networks [1] , [2] . Colorless transmitters or portagnostic tunable transceiver are highly desirable for optical network units (ONUs) so that the costs of the system installation and maintenance can be reduced dramatically. V-cavity laser (VCL) are good candidates for such applications due to its compactness, fabrication simplicity and simple electronic driver [3] , [4] . Compared with the sampled grating (SG) DBR lasers [5] , the VCL has a very small size, simple wavelength control algorithm, and does not involve any grating. Besides, it is easier to be calibrated due to the fact that only one electrode is to be controlled making it more time saving and suitable for mass production. Also compared with the three section DBR lasers which are limited to 10 nm tuning [6] , the V-cavity laser is capable of full C band wavelength tuning [7] . However, most of the previously demonstrated VCL employed all-active layer structure for simple fabrication. The tuning mechanism is based on current induced thermal-optic effect, which requires a high tuning current up to 140 mA, and the tuning speed is slow (∼20 μs) [7] . By applying the carrier-induced wavelength tuning, the driving current of VCL can be reduced, and the wavelength switching time is reduce to nanosecond level by using passive tuning sections based on quantum well intermixing (QWI) technology [8] . Since the bandgap shift by QWI is limited, the residual absorption in the intermixed QW waveguide is usually high, which limits the sizes of the passive device sections. Another promising solution for active-passive integration is butt-joint waveguide [9] which allows fast switching as well as low propagation loss in the passive waveguides and thus the integration of large passive devices such as wavelength multiplexers.
In this paper, we report the first experimental results of carrier-injected wavelength tuning in VCL with butt-jointed passive tuning section. At a fixed temperature, single-electrode-controlled consecutive wavelength tuning of 16 channels was demonstrated with side-mode suppression ratio up to 41 dB. Further a 32-channel tuning of 100 GHz spacing is demonstrated by combining temperature-induced gain spectrum shift with a temperature variation of only 28°C. Since the carrier plasma effect is particularly important for realizing fast switching, the wavelength switching time of turn-on and turn-off between different channels are investigated.
Device Structure and Fabrication
The layers were grown by metal-organic vapor phase epitaxy (MOVPE) in a three-step process. In the first epitaxy step, the active section with a 1% compressive strained laser structure containing five InGaAsP QWs sandwiched by InGaAsP step-graded index confining layers are grown [7] . Passive area blocks are defined by photolithography using a 1 μm SiO 2 layer as etching mask and they are etched wet chemically 30 nm below the active layer for regrowth. Then the passive layer stacked with quaternary layer (λ g = 1.25 μm) with a thickness of 350 nm are regrown afterwards by selective area MOVPE using the same SiO 2 mask. The mask is removed and a p-doped top cladding layer is grown.
Standard fabrication process for ridge waveguide Fabry-Perot lasers was executed with the addition of a deep-etching step for the etched facets [10] . The top-view photograph of the VCL is given in Fig. 1 . It consists of two Fabry-Perot cavities with slightly different lengths and a reflective 2 × 2 half-wave coupler [11] . The two coupled cavities are defined by deep etched facets and deep etched trenches. The length of the short cavity is designed to be 432 μm so that its resonant wavelength matches the ITU grids of 100 GHz spacing and the other cavity is 6.5% longer so that the wavelength tuning range is magnified by the Vernier effect. The waveguides under the long and short cavity electrodes are processed to be passive waveguides using the butt-joint technology. In operation, a fixed current is applied to the gain electrode. The tuning current on the long cavity electrode changes the effective refractive index of the waveguide to tune the wavelength of the laser. Theoretically, the tuning range is limited by the free spectral range (FSR) of about 16 channels considering of the length difference between the two cavities of 6.5% [15] . The length ratios between the passive and active sections are designed to be the same in the two cavities so that no mode hop occurs when increasing the injection current on the gain electrode, which is very important for direct intensity modulation. The chip size is only about 500 μm × 250 μm.
According to the threshold condition of the VCL in [4] , the threshold gain difference between the lowest threshold mode and the next lowest threshold mode, and the corresponding side-mode suppression ratio (SMSR) as a function of the normalized bar-coupling coefficient C 11 are shown in We can see that the largest threshold difference occurs around C 11 = 0.84 and the SMSR can reach as high as 45 dB according to the simple model of [12] without considering the spatial hole-burning effect. The corresponding threshold gain for all longitudinal modes is shown in Fig. 2(c) . Finally after the BPM simulation for half-wave coupler, the gap, the width and length of the multimode section are determined to be 3.1 μm, 10.1 μm and 29.5 μm, respectively.
Device Characterizations and Discussion
The chip is mounted on an AlN heat sink for the device characterization. For wavelength tuning and switch characterization, the light from the deep etched facet of the device is coupled into a single mode fiber using 3-Axis NanoMax Flexure Stages and measured by an optical spectrum analyzer (OSA). Fig. 3 plots the light output power collected by a fiber-coupled detector from the coupler side as function of the gain current at 15°C with the long and short cavity section unbiased. The etched facet on the coupler side is coated with a 30 nm Au to increase the reflectivity. The measured power is therefore low and is only indicative for relative power monitoring. It can be seen that the threshold current of the device is about 53 mA, a little higher than those of previously reported VCL [13] . This can be explained by two reasons. Firstly, the fabrication in this first run of butt-joint passive-active integrated VCL is non-ideal, which causes high internal loss. Besides, the passive section occupies 45% of the whole FP cavity, compared to 30% in [13] . Secondly, the actual widths of the deeply etched trenches are deviated from the ideal value of 3λ/4 for high reflectivity. A deviation of 300 nm will decrease the reflectivity of the trenches from 70% to 30%. Here we mainly demonstrate the carrier-induced tuning effect by butt-joint technology to achieve the fast switching. The propagation loss of the passive waveguide needs to be improved in future work.
To investigate the single electrode-controlled tuning characteristics of the V-cavity laser, the gain electrode and the short cavity electrode are biased at 150 and 0 mA, respectively, and the injection current on the long cavity electrode is varied from 0 to 45 mA. As the short cavity was processed to be passive section, no current was needed on this electrode. As shown in Fig. 4(a) , we can see that wavelength tuning of 16 consecutive channels with 100 GHz channel spacing from 1534.6 to 1546.75 nm is achieved, which is consistent with the design. Fig. 4(b) shows the peak wavelength of the VCL when the short cavity current was varied from 0 to 40 mA while no current is injected in the long cavity electrode. The tuning of only 7 channels in the short cavity is observed, which can be explained by the fact that average gain spectrum shifts to shorter wavelength due to gain contribution or loss reduction in the passive section [8] . When the tuning current is further increased above 30 mA, the carrier injection effect tends to saturate and the thermal effect starts to play the dominant role which tunes the channels to shorter wavelength. According to the Vernier principle, when the tuning current is injected into the long cavity of VCL, the carrier injection effect shifts the lasing channel to shorter wavelength. When the tuning current is injected into the short cavity of the VCL, the lasing channel shifts in the opposite direction. Also, this tuning current is much lower than that of all-active VCL. The side mode suppression ratio (SMSR) of the channels are all above 35 db. Fig. 5 gives an example lasing spectrum showing the SMSR of 41.3 dB. Compared to multi-electrode controlled tunable lasers, such as SG-DBR laser, DS-DBR laser, and MG-Y laser, the single-electrode tuned algorithm is much simpler and the drive circuit is easier to realize.
By varying the current injected into the long cavity electrode and the TEC temperature, 32-channel consecutive wavelength tuning of about 100 GHz is obtained. Fig. 6 shows the overlapped emission spectra of 32 channels and the tuning curves under 3 TEC temperatures are further detailed. The mechanism of the temperature-induced tuning range extension has been discussed in [7] . The large tuning range covers from 1528.78 nm to 1552 nm. Due to the fluctuation of the chip to fiber coupling efficiency during the test, the peak power of the spectrum varies slightly from channel to channel, which can be reduced by the module package. In the applications such as packet-based wavelength routing, the switching speed is an important parameter. Less than 30 ns switching time is required. This can be achieved in the VCL with buttjoint passive tuning section using the free carrier plasma effect. To demonstrate this, a square wave signal (frequency = 39 MHz, duty cycle = 0.5, rise/fall time T0 = 133 ps) is applied on the long-cavity electrode. After amplification by an optical amplifier, the light passes through a tunable narrow-bandwidth filter to select a target wavelength channel and an optical oscilloscope to display the switching transient waveform. The profile of the filter is Gaussian-type and the 3 dB bandwidth is set to 0.4 nm. The injected currents on the gain electrode and the short cavity electrode are kept constant at 150 and 0 mA, respectively. Fig. 7 show the switching transient response for switching between adjacent modes (a) and nonadjacent modes (b), respectively.
In the case of adjacent mode switching, when the injection current is biased at 1.4 mA and the peak-peak current modulation is set at 0.3 mA, mode jumps back and forth between 1538.00 nm and 1538.78 nm without exciting any other modes. The channel switching delays, which are defined as the delay from the time when the power of the turn-off channel is decreased to 90% of the maximum to the time when the power of the turn-on channel is increased to 90% of the maximum, are around 1.8 ns for adjacent modes. In the case of nonadjacent mode switching, when the injection current is biased at 2.4 mA and the peak-peak current modulation is set at 2 mA, which correspond to current change from mode A (1536.50 nm) to mode D (1538.78 nm), mode B (1537.26 nm) and mode C (1538.00 nm) can be observed during the transient time. When the wavelength is switched from 1538.78 nm to 1536.5 nm, the 1537.26 nm is close to the destination channel with the stronger signal than 1538.00 nm. Also when the wavelength is switched back, Though the wavelength tuning is realized by current induced index change, the thermal effects induced by current injection during the tuning cannot be avoided. However, when the carrier injection effect dominates the wavelength switching, the injected current is typically below 40 mA, thus the refractive index change by the thermal effects is small. Moreover, due to the discrete channel tuning characteristics as shown in Fig. 4 , the wavelength variation is very small within a channel (flat horizontal lines). Thus the refractive index change by thermal effect affects the wavelength very little. The thermal stabilization time is therefore not important.
The rise and fall times of the wavelength switching between two channels are plotted in Fig. 8 as a function of the number of intermediate channels. The switching time generally increases with the number of intermediate channels. However, the increase of the rise and fall times saturates at 8 ns and 11 ns, respectively. The fall time of the wavelength switching from the lower current mode (1538.78 nm) to the higher current mode (1538.00 nm or 1544.86 nm) is a little shorter than the rise time of the wavelength switching in the opposite direction. This can be explained by the fact that the carrier density falls slightly slower than it rises. The switching time is a little shorter than that based on QWI platform (12 ns) [8] and is over 3 orders of magnitude faster than that based on electro-thermal-optical effect (20 μs) with all active structure [7] .
Conclusion
In conclusion, we have designed and fabricated a widely tunable V-coupler laser, in which the active MQW laser structure is butt-jointed with the passive tuning section. Using the carrier plasma based tuning effect, over 25-nm wavelength tuning with 100 GHz channel spacing is obtained. A larger tuning range can be achieved by reducing the cavity length difference at the expense of lower SMSR. The switching delay time varies from 1 to 11 ns, depending on the interval between the switching channels. The single electrode controlled fast wavelength switching between ITU channels has great potential in future wavelength routed optical networks.
